Abstract. 2014 SiO2/TiO2 multilayers stacks used in optical coatings have been studied by Electron Energy Loss Spectroscopy (EELS). The line-spectrum mode has been used: the incident electron probe of the STEM is scanned under digital control on the specimen surface in the direction perpendicular to the layers, while the whole spectrum is acquired. The selected energy range contains Ti L23 and O K edges, in order to study the evolution of the fine structures visible on these edges. Every experimental spectrum is then fitted with a linear combination of the two reference spectra (TiO2 and SiO2) extracted from the same sequence. It is possible to identify in the neighbourhood of the interface some EELS fine structures which cannot be fitted to a combination of reference spectra, but are representative of hybrid environments, such as Si-O-Ti in the present study. A quantitative analysis of the changes in different fine structures on the titanium and oxygen edges enables to clearly discriminate different levels of interdiffusion at the boundary.
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Microsc. Microanal. Microstruct. 7 In order to connect the spectroscopic information carried by the EELS analysis and its localization with respect to the multilayer sequence, the image-spectrum mode has been used [2] . The incident electron probe of the STEM is scanned under digital control on the specimen surface in the direction perpendicular to the layers, while the whole spectrum over a selected energy range is acquired. The incident beam semi-angle on the sample was 7 mrad, providing an incident probe diameter of about 0.7 nm, and the spectrometer collection semi-angle was 16 mrad. For probing EELS fine structures, acquisition time was 8 s per spectrum, giving a total time of about 9 mn for the 64 spectra. According to chosen magnification, the distance between successive probe positions was 0.6 nm for interface A and 1.2 nm for interface B.
Expérimental Results
TEM results show that as expected Si02 is amorphous, whereas Ti02 is partially crystalline and exhibits the columnar structure usually found in evaporated films [3] . At this magnification all interfaces appear to be well defined, even after deposition of the 8th layer. But when examining these interfaces at higher magnification, it seems (Fig. 2) that the interface Si02/Ti02 is sharper than the interface Ti02 /Si02, because of the emergence of the Ti02 layer columns into the Si02 one (Fig. 2a corresponds to the interface between the first Si02 layer and the second Ti02 layer, Fig. 2b to the interface between the second Ti02 layer and the third Si02 layer). Moreover, Figure 2b shows (111) lattice fringes in the Ti02 layer corresponding to anatase structure.
It is known that Si02 thermal oxides and evaporated films (which are porous) present differences : in the value of their refractive index in the visible, in the frequency of the dominant IRactive bond stretching vibration; this later varies according to the mean value of the bonding angle Si-O-Si between two tetrahedral Si04 and depends strongly on the deposition parameters [4, 5] . Ellipsometry measurements have been performed during deposition, at a single wavelength (450 nm), and after deposition of each layer in the spectral range 400-800 nm. Although the complete set of results will be reported elsewhere [6] , these measurements show that Ti02 layers grown on thermal Si02 have a larger refractive index than on evaporated Si02 [7] . For order to study the evolution of the fine structures visible on these edges: in fact, each spectrum is made of 1024 channels of 0.2 eV width each. When investigating the detailed chemistry and electron states features across an interface, the most important information lies in the variation between successive spectra corresponding to different positions of the probe. Figure 3 shows the whole set of data acquired in a spectrum-line made of 64 spectra collected across interface A, and clearly displays changes such as the disappearance of the Ti line when moving from Ti02 to Si02, and the associated evolution of the shape of the 0 edge present on both sides of the interface. The next step is to identify and measure these changes. In order to achieve it, it is first necessary to define the reference spectra for the two types of matrix. This is made by adding six successive spectra recorded far from the interface on each side of it: Figure 4 is the reference spectrum for the Ti02 species in this sequence encompassing both Ti and 0 contributions, while Figure 5 compares more accurately the fine structures appearing on the 0 K edge, after background subtraction for the two matrix and the two interfaces. On the Ti02 side, the Ti L2,3 edge exhibits two intense white lines labeled L3 and L2 corresponding to the strong transitions from the spin-orbit split levels 2p3/2 and 2pi/2 towards unoccupied 3d states close to the Fermi level. Each of these white lines is further split into two components, as a consequence of the crystal field splitting into t2g and eg type orbitals imposed by the local octahedral symmetry on the Ti ion as well in the anatase as in the rutile structure. At higher energies this edge exhibits a plateau, the intensity of which is modulated by extended fine structures with three peaks labelled (B, C, D). As for the 0 K edge which is present on both sides of the interface, its fine structure changes significantly when the probe is scanned across the interface. For both investigated interfaces, the 0 K edge on the Si02 side remains similar with an inflexion point at 536 eV and a single broad peak at 538.5 eV. On the titanium side, a strong contribution at lower energy, i.e. a kind of doublet prepeak, shifts the inflexion point down to 529 eV, and the energy range between 535 and 545 eV displays variable oscillating fine structures. It has been shown in several XAS or EELS studies on different transition metal oxides [8, 9] that the prepeak corresponds to unoccupied hybridized 0 2p-Ti 3d states, and reflects the existence of Ti-O (anti)bonding states. In the previous study concerning the Ti02-Si02 multilayers [1] , it has been shown that the presence of this prepeak on the 0 K edge is very well correlated with the presence of the Ti L edge, confirming the present interpretation. [10, 11] confirms the structural sensitivity of these features, as corroborated by theoretical calculations using either the multiple scattering XANES type approach or the locally projected density of states. Consequently it seems reasonable in the present study to attribute the reference Ti02-0 K edge in the interface A case to anatase and its equivalent in the interface B case to a "disordered" rutile structure. We introduce this distinction because the three peaks which should occur in the rutile case are not well resolved in the present case but constitute a broad band, suggesting some disorder on the second and higher neighbour arrangement.
In order to further analyse the modification of the O-K edge across the line spectrum sequence, every experimental spectrum is then fitted with a linear combination of the two reference spectra (Ti02 and Si02) extracted from the same sequence. It offers the extra advantage that all spectra are recorded in exactly the same experimental conditions, reducing then the source of bias effects which could be instrumentally introduced.
A multiple least square (MLS) fit decomposition of the 0 K edge after background subtraction, on the window 526-550 eV, is then used to determine the weight of each reference in any spectrum of the sequence; the quality of the fit is indicated by its X2 value. The results are shown in Figure 6 .
In both cases, the presence of the interface is clearly visible, its location being defined by the spectrum number for which the weight of each component is approximately equal to 0.5; the width of the interfacial zone can also be estimated as the distance between the spectrum where 80% of the signal is due to 0 K-Si02 and the spectrum where 80% of the signal is due to 0 K-Ti02. It appears that interface A is rather narrow (~ 3.5 nm) and symmetrical, while interface B is wider (~ 8 nm) and asymmetrical (it is larger on the Si02 side than on the Ti02 one). Of course these widths include the broadening due to the width of the incident probe, nominally of the order of 0.7 nm in the present configuration, and to the lateral spreading of the beam when propagating through the specimen. As a consequence of the change in local thickness between the analysed areas, this broadening effect should be much more pronounced on interface A than on interface B. Therefore the "chemical width" (width of the interfacial zone as defined above) is much smaller on interface A than on interface B.
For both interfaces, the y 2 values are higher on the Ti02 side, which can be due to the fact that background removing under the 0 K edge is made more difficult by the presence of strong oscillations due to Ti L2,3 edge fine structures. It has several consequences. As the fitting procedure implies the comparison between the experimental spectrum acquired for a given probe position and the reference spectrum averaged over several probe positions far from the interface, without intensity scaling factor, it is not surprising to observe values of the weighting factor scattered around the value 1 on the Ti02 side. The fluctuations of the order of ±10% can likely be attributed. to the difficulties of modelling the background, before subtraction of the characteristic 0 K edge, over an energy window corresponding to the oscillating fine structures on the Ti L2,3 high energy tail.
As for the evaluation of the uncertainties on the model weight determination, it must be pointed out that they are due both to statistical and systematic sources. For the first ones, the knowledge of the noise and gain fluctuations in each energy loss channel of the parallel detector is required, and this procedure has not been applied during the present study. For the second ones, as mentioned above, they are too much dependent on difficulties associated with background modelling. Consequently it is not possible in the present state to provide reliable error bars. But the fact that at both extremities of the scan the weight factors seem to stabilize respectively around the expected values of 0 and 1 constitutes a satisfactory proof that the uncertainties remain limited at most between ±10%. Furthermore, one observes a slightly higher x2 value in the neighbourhood of interface B than of interface A. In order to evaluate the quality of the fit and the existence of eventual discrepancies, we have compared the experimental median spectrum in each sequence with the reconstructed equivalent one (Fig. 7) . For interface A (spectrum n° 30) the agreement is quite satisfactory over the whole energy loss range; the splitting of the 0 K prepeak is equivalent in both experimental This comparison further confirms that artefacts due to thickness dependent multiple scattering events can be ruled out. They would modify the fit dominantly around 25 eV above threshold (average value of the plasmon peak both in Si02 and Ti02 ). The observed discrepancies between experimental and reconstructed spectra concern only a narrow energy range fit above threshold, while the fit seems always satisfactory at higher energy losses (~ 15 -25 eV) above threshold.
Similarly to the discussion of errors along the intensity scale in Figure 6 , what can be said about errors along the position scale in the same figure? One can question how far the specimen drift can modify the scale. The basic parameter to be considered is the ratio between an eventual drift (or more important its projection along the axis normal to the interface) during the spectrum acquisition at a given pixel and the increment step between two successive measurements. To evaluate this factor, we have compared lower magnification images (either BF or ADF) before and after the line-spectrum acquisition. When the scan can be visualized by contamination or irradiation tracks (which does not happen in any cases), it has been possible to estimate an upper value for this drift of the order of 0.01 to 0.02 nm/s, so that the errors on the distance axis is at maximum of the order of 15%. 4 Generally speaking, it is possible to identify two major classes of interfaces. In the first case, the interface between the two materials is abrupt, but roughness can be present as a consequence of the non-planarity of the interfaces. In this situation, the energy loss spectrum measured for any position across the interface corresponds to the relative proportion of each material along the trajectory of the beam across the specimen thin foil, and can then be modelled as a linear combination of the two reference spectra. In the second case, the interface between the two materials is smooth but an interfacial region is formed due to the interdiffusion of atoms between the materials. In this latter case, it should be possible to identify in the neighbourhood of the interface some EELS fine structures which cannot be fitted to a combination of reference spectra, but are representative of hybrid environments, such as Si-O-Ti in the present study.
Consequently, we have displayed in Figures 8a and 8b the sequences of spectra corresponding only to the neighbourhood of both interfaces in order to correlate the detailed changes observed on the oxygen prepeak to those occurring on the Ti L2,3 edge. Several criteria can be proposed to estimate quantitatively these changes as the probe is scanned across the interface from the Si02 to the Ti02 side. The first one is the plot of the number of Ti atoms, defined on the intensity of the Ti L2,3 edge after background subtraction (see hatched area in Fig. 4 ). This can be considered as the reference atomic point of view from the Ti side and the curves relative to the investigated interfaces are shown in Figure 9 . The second criterion is the plot of the oxygen prepeak as defined in Figure 4 . In practice, we have subtracted for each spectrum a scaled curve corresponding to the low energy tail of the 0 K edge in Si02. The resulting plots are also shown in Figure 9 , to be compared with the previous ones. The two interfaces exhibit clear differences: in the first one (interface A), the decrease of both signals connected to the presence of Ti atoms and to the existence of Ti-O octahedral environments are well correlated within one probe step. In the second one (interface B), the decrease of the weight of the Ti-O antibonding orbital is faster than the decrease of the number of Ti atoms, suggesting therefore the existence of some mixed Ti02-Si02 solid solution with Si-O-Ti bonds [12] in a zone of about 5 nm width. A final criterion is the visibility of the crystal-field splitting on both Ti L lines and 0 K prepeak, which is representative of the quality of the local crystal symmetry. It is difficult to propose a quantitative measurement for this effect. The only easy observation is that this splitting appears much faster in the casé of interface A than for interface B. The absence of splitting has already been reported as well for amorphous, i. e. disordered, Ti02 [13] as for substoichiometric TiOx. However in the latter case a shift of the Ti L2,3 edge should be observed [14] . In the present study, no detectable shift has been found in the neighbourhood of the interface, confirming the hypothesis of the existence of a Ti02-Si02 solid solution. It is also interesting to notice that the appearance of the XANES-type oscillations on the high energy side of the Ti L edge (labelled peaks B, C and D in Fig. 4) follows that of the splitting, corroborating the description in terms of loss of local crystal symmetry. In particular, the Ti L signal comes to 0 at a distance of 6 nm with respect to the medium spectrum while the 0 prepeak signal reaches zero over 2 nm. On the Ti02 side in both cases the ratio between the Ti and the 0 prepeak signal remains rather stable. RADIATION DAMAGE EFFECTS. -At the end of the spectrum-line A, the last few spectra also exhibit changes in fine structure (Fig. 10) . The first phenomenon is the global decay of both Ti L2,3 and 0 K signals, suggesting a partial mass loss induced by radiation damage. Simultaneously, one notices the disappearance of the splitting on Ti L2,3 and 0 K edges, as well as the decay of the extended fine structure of Ti L2,3 edge. As no shift on the Ti L3 edge position is observed, contrary to the case investigated in reference [14] where this shift was explained by a reduction of Ti02 down to TiO, it is likely that the damage observed in the present work only involves an amorphization process. As a matter of fact, Rez et In a further step, it would be necessary to investigate, within the relevant range of electron doses, how the different materials behave as a function of local thickness. Such data would be required to eliminate the uncertainties in the present analysis related to the weight of beam induced chemical changes at the interface as compared to growth-induced chemical changes.
Conclusions
This study has demonstrated the high capabilities of EELS for investigating at the ultimate level the local chemistry and the electronic structures in the immediate vicinity of the interface between two dielectric materials. New fitting procedures, employing reference spectra acquired during the same line-spectrum sequences, on the bulk material on both sides of the interface, have been used. A quantitative analysis of the changes in different fine structures on the titanium and oxygen edges enables to clearly discriminate different levels of interdiffusion at the boundary.
